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HEAT LIBERATED IN THE LOW- 
TEMPERATURE OXIDATION OF ANTHRACITEL/ 


By G. S. Seott2/ 
INTRODUCTION 


The investigation of the causes, behavior, and control of anthracite mine 
fires, which the Bureau of Mines has been carrying on hy yielded several pub- 
ications directly applicable to mine-fire problems. —'s Bf 6f U 8/ 


As a further step in elucidating the causes of heating in certain anthra- 
cites subjected to oxidation, reliable information was needed relative to the 
actual amount of heat that is liberated when a unit volume of oxyzen combines 
with anthracite at varying temperatures. 


At combustion temperatures, in which the products are carbon dioxide, water 
vor, occasional small quantities of carbon monoxide, and ash, the net heat 
liberated may be determined by subtracting the heat of vaporization of the water 
formed from the calorific power of the fuel; and if the ash contains carbon, the 
percentage of ash, multiplied by its calculated calorific power, is also sub- 


tracted. 
lJ The Bureau of Mines will welcome reprinting of this article provided the 


following footnote acknowledgment is used: "Reprinted from Bureau of Mines 
Information Circular 7053." 

2/ Assistant chemist, Explosives Division, Central Experiment Station, Bureau of 
Mines, Pittsburgh, Pa. 

i/ Scott, G. S., and Jones, G. W., Oxidation of Anthracite: Liberation of 
Carbon Monoxide and Its Relation to Ignition Temperature: Ind. Eng. Chen., 
vol. 29, 1937, pp. 106-108 : oie 

4/ Scott, G. S., and Jones, G. W., Significance of Low-Temperature Oxidation 

_, Products in Mine-Fire Studies: Ind. Eng. Chem., vol. 29, 1937, pp. 822-826, 

af Scott, G. S., and Jones, G. W., The Composition and Inflammability of Gaseous 
Distillation Products from Heated Anthracite: Bureau of Mines Rep. of In- 

_, Vestigations 3378, 1938, 6 pp. 

3/ Seott, G. S., and Jones, G. %., Oxidation of Anthracite: Effect of Time of 
Contact on the Concentration of Oxygen in the Effluent Gases: Bureau of 
Mines Rep. of Investigations 3405, 1938, 7 pp. 

I/ Scott, G. S., and Jones, G. W., Effect of Oxidation on the Volatile Matter of 
Anthracite and Its Significance in Mine-Fire Investigations: Bureau of 
Mines Rep. of Investigations 3398, 1938, 8 pp. 

KcElroy, G. E., Some Observations on the Causes, Behavior, and Control of 
Fires in Steep-Pitch Anthracite Mines: Bureau of Mines Inf. Circular 7025, 
1938, 36 pp. 
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In the case of oxidation below the ignition temperature, the above con- 
ditions are altered consideradly. First, laboratory tests have shown that the 
ratio of hydrogen to carbon in the gaseous oxidation products is highest at the 
start and decreases during the progress of oxidation, Since the heat of com 
vustion of a unit weight of hydrogen is about four times as great as the heat 
of combustion of carbon, this would decrease the heat liberated per unit of 
oxygen consumed as the oxidation proceeds. 


Second, the ratio of carbon monoxide to carbon dioxide increases with in- 
creasing temperature, and heat liberated decreases when the oxidation of carbon 
goes to carbon monoxide rather than carbon dioxide; this decrease 1s proportional 
to the relative amount of carbon monoxide formed. 

Third, at temperatures up to the caroon monoxice inflection point, a part 
of the consumed oxygen is "fixed" by the coal, and thermal effects accompany this 
"fixation," 


The problem resolves itself into finding the heat liberated at constant 
pressure when the following reaction takes place: 


Anthracite + ado = bCOs + cCO + dH50 + eResidue; AH, = 7 (1) 
Direct determinations of the heating value of the coal before and after 
low-temperature oxidation were made on numerous sampleszZ by the Coal Analysis 
Section at the Centrel Experiment Station, Pittsburgh, Pa., which yielded 
AEs and AEs for 
Anthracite + f0o = @C05 + hHa0 (1); AEs = (determined), (2) 
eResidue + 102 = J00 + kilz0 (1); AE, = (determined). (2) 
Subtracting (3) from (2), 


(Anthracite - eResidue) + (f - 1)0, = (g-§j)CO5 + (hek) (H50 (1); (4) 
AB, = AED - A. 


The A E's represent heat exchanges at constant volume (in eanorineter bomb). 
To convert ios to JH), heat exchanged at constant pressure, the processes 


(h-k) H20 (1) = (h-k) H50 (g, 1 atm); AH, = Aly, C5) 
nOo (g, 1 atm) = nd.» (in residue) > Ou¢e =+nRT. CE 
(5) and (6) must be added to (4). This gives | 


(Anthracite - eResidue) + (f-itn) O05 = (g-J3) COs + (hk) Ho0(g, 1 atm): 
OH, = AB, + DHE + AEE. C7 


9/ Work cited; see footnote 7. | | | 
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Figure 2.—— Distribution of consumed oxygen.Oxidation of anthracite 16. 
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Equation (8) 
cCO + pO, = mCOo; AHg = (known) (8) 
ray now be subtracted from (7) to give 


(Anthracite-eResidue) + (f-1+n-p) 05 = (g-j-m)CO, + (h-k)H0( g) + cC0; 


Equation (9) is identical with (1), and 
A Hg 4 Q\Hy = AE, - 4 ky + A, + nkT ~ Aug. 


Thus, if 100 grams of fresh coal is taken for the basis of calculation, the 
neat liberated will be equal to the algebraic sum of the following items: 


1. 100 x calories/gram of fresh coal (= AE,) 

2. Grams of residue x calories/sram of resifue (3 A Ez) ° 
3. Grams of water x (-583) (= OH). 

4u., Grams of "fixed" oxygen x 2 a { (= nRT). 


5. Grams of carbon monoxide x 2,415 (=AH,) : 


Table 1 was compiled by making use of the above equations, and the results 
siowing the variations of heat liberated per cc.of oxvgfen consumed are shown 
graphically in figure l. 


The thermal data toy in the calculations were taken from the compilation 
of Lewis and Von Elbe.12 


The heat liberated per unit of oxygen consumed may also be determined by an 
alternate method. 


Figure 2 shows the distribution of consumed oxygen for anthracite 16 during 
f2 hours at various temperatures. If the proportion of oxygen going into the 
~ornation of each component at any selected temperature be multiplied by the 
“zat quantity accompanying that process, the sum of the products gives the . 
average heat Liberated per cc of oxygen consumed for tne 72—nour period at. that 
selected temperature. In the calculation, the following processes were con- 
Sisereds 


Anthracite = C,. + Ho(g, 1 atm) + residue, (10) 
Cr + On = 00, (11) 

Cop + 1/2 Op = C0, (12) 

Hol(g) + 1/2 05 = H20 (2), (13) 
Residue + O05 = Oo (in residue). (14) 


na Lewis, B., and von Elbe, G., Combustion, Flames, and Explosions: Macmillan 


Co., New York, 1938, p. 384. 
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That is to say, the coal may arbitrarily be assumed to decompose first 
into graphitic carbon, gaseous hydrogen, and a solid residue. The graphitic 
carbon then unites with oxygen to form carbon dioxide and carbon monoxide. The 
hydrogen unites with oxygen to form water. Oxygen enters the residue to forma 
complex. The thermal changes accompanying (11), (12), and (13) are 4.199, 
2.358, and 5.163 calories per cc of oxygen, respectively. 


To obtain thermal values for equations (10) and (14), table 2 was con- 
structed. In this table, columns 1, 2, and 3 are self-explanatory and for ref- 
erence only. Columns 4, 5, 6, and 13 are the moisture- and ash-free percentag:: 
of hydrogen, carbon, sulphur, and oxygen in the coal or residue. These per- 
centages of hydrogen, carbon, and sulphur (divided by 100) are multiplied by 
34,327, 7,836, and 2,500, respectively, the products appearing in columns 7, 

8, and 9 and the sums in column 10. The figures in column 10 represent the hea: 
evolved when graphitic carbon, gaseous hydrogen, and solid sulphur are burned 
in a bomb in the proportions of the analyses. If these fizures are subtracted 
from the observed calorific values (shown in column 11), the heat of formaticr 
of each particu-.er sample of coal from graphitic carbon, gaseous hydrogen, and 
sulphur at constcnt volume is obtained (column 12). 


In figure 3 these heats of formation have been plotted against oxygen con- 
tents. The mineral matter in the coal and in the ash may be in different forzs 
especially at a teimerature of 550°C. Thermal effects accompany tnese changes 
and may explain part of the differences between samples. 


The slopes of the lines in figure 5 appear to be constant. Since the slcr 
represents the thermal chanze accompanying "fixation" of oxygen by anthracite, 
it is desirable to obtain the best value afforded by the data. 


This was done by the method of least squares tL/ Equations of these lines 
are of the forn 


y=art dx, 


where y = heat of formation of the coal and x = percentage of oxygen. 
To make the sum of the squares of the deviations a minimun, 


(SAP = (a + bx + y)* = (mininun), 


the first differential with respect to each constant must equal zeros 
that is, 


eC 
aps = el(a= bx -y) =aditedd>x-D y=0O, 
ay 4 as O(a + bx - y)x = adx phx’ ~ Dixy = 0. 


11/ See, for example, Steinmetz, C. P., Engineering Mathematics: McGraw-Hill 


Book Coe, New York, 1917, pp. 179-186. 
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of different anthracites from graphite and hydrogen. 


Figure 3.—— Heats of formation 
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In table 2, values for x° and xy are shown in columns 14 and 15, and the 
following equations were obtained by proper substitution of the sums, 


38a + 356.8b - 5,719 = 0, 
356.8a + 5,000.1b — 93,971 = O. 


Solving simultaneously gives 
a= -/8./7, 
24.409, 


oO’ 
Ht 


and 
heat of formation =-78.7 + 24.409 (00 percent) cals./gram. 
The heat evolved when oxygen is "fixed" by enthracite is, then, 


24.409 x 100 x Le = 3.488 calories/ce oxygen 


at constant volume, end 3.515 calories per cc of oxygen at constant pressure. 


These data are used in table 3. To each sum must be afded the heat of 
decomposition of the coale For no. 16 this is +88 calories per gram at con- 
stant volume, which becomes 80 calories per gram at constant pressure. As- 
suting 1900 cc oxygen consumed per gram of coal, this becomes 0.042 calories 
per cc of oxygen. The results are plotted on figure 1 as a smooth curve. 


TABLE 3,-Alternate calculation of the heat liberated by low-temperature oxidation 


- wf . 


; Sum + Oxygen 
Consumed oxygen 0.042 = consumed, 
Tem.,}| Distri- H calories/cc ec/100 grams 
OC. bution [Fraction | calories/cc| Product| 0.5 consumed coal 
100 
eke 
200 
58 
5.163 712 
250 ere 
e199 
22358 
5.163 6,960 
300 ere 
oi 
31308 
5 163 24,620 
350 hee 
£199 
22558 
5 163 17,270 
6989 
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Discussion of Results 


It will be observed that the calculated heat liberated per ce of oxygen 
consumed by anthracite at oxidation temperatures ranging from 150° to 400° ¢, 
renge& from 3.23 to 6.50 calori¢és. However, all of the values obtained when th 
oxidation tests were made at 350° and 400° C. lie close to an average range of 
4.00 to 4.25 calories. 


The calculated heat liberated per ce of oxygen consumed when bituminous 
and subbituminous coals were tested ranged from 3.06 to 4.43 calories, as shorn 
in table l. 


The only direct determination of the heat liverated by gore ad cs as 
oxidation of which the author is aware was made by Lamplough and Hill,-~ who 
found a mean value of 3.3 calories per ce of oxyzen consumed for ~30-mesh cosl 
at normal temperatures. 


They state that when carbon is burned to C05 and to 0O, 4.4 and 2.6 
calories per cc 0, are liberatec, respectively, but co not mention the formatic: 
of water, which in anthracite takes a consideratle proportion of the consumed 
oxygen in the early stages and liberates 5.16 calories ver ce 0. 


It is possible that the lower figure odtained by Lamplough and Hill may fe 
due to the presence of larger quantities of pyrite taan are found in 
Pennsylvania anthracite. 


12 Lamplough, F., E. Ee, and Hill, A. M., The Slow Combustion of Coal Dust an; 
Its Thermal Value: Trans. Inst. Min. Eng., vol. 45, 1912-13, pp. 629-65) 
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